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Transformation of Bacillus subtilis 168 Thy- auxotrophs with +3T deoxyri- 
bonucleic acid (DNA) to thy-mine independence was found to involve site-specific 
recombination of +3T DNA sequences with their homologous counterparts in the 
bacterial chromosome. During the transformation, the phage @T-encoded ihy- 
midylate synthetase gene, thyP3, was shown to inte,mte at two genetically 
distinct sites in the B. subtiZis 168 chromosome. The fmt site was identified to be 
in the bacterial thymidylate synthetase gene, thyA. The second site was in a 
prophage (SPB) known to be carried in the host genome. The frequency of the 
integration of the thyP3 gene at each of the two loci and some of the parameters 
affecting this frequency were studied. The common origin of the thyP3 and thyA 
genes and their molecular evolution are also reported. 

Transformation of bacteria of a given species 
by DNA from other organisms has been termed 
heterologous or inter-species transformation. It 
occurs in Bacillus subtilis with very low fre- 
quency, even if the transforming DNA is derived 
from a closely related species (5, 14). A known 
exception is transformation of 8. subtiCs thy- 
mine auxotrophs to prototrophy by DNA ex- 
tracted from its temperate bacteriophage, +3T 
(11). +3T, which carries a structural gene for 
thymidylate synthetase, designated thyP3 (3). 
can be propagated equally well on Thy- and 
Thy+ B. subtilis strains. Its DNA transforms B. 
subtilis almost as efficiently as homologous bac- 
terial DNA (11). The transformation of Thy- 
bacteria to the Thy’ phenotype does not require 
the integration of the entire bacteriophage ge- 
nome into the chromosome (15), and thus it 
bypasses simple lysogenization. Young et al. (15) 
reported that in one B. subtiiis transformant, 
fhyP3 integrated in the vicinity of the +3T at- 
tachment site, which is in a chromosomal region 
distinct from the location of the two genes en- 
coding thymidglate synthetases in B. subtilis, 
thyA and thyB. 

We have recentIy shown that the B. subtilis 
chromosome contains several regions homolo- 
gous to +3T DNA which might be potentially 
involved in site-specific recombination with the 
thyP3 gene (10). To explore this possibility and 
understand the mechanism underlying transfor- 
mation by +3T DNA, several B. subtilis auxo- 
trophs were transformed to thymine indepen- 
dence by the thyP3 gene and were analyzed. 

Two integration sites were identified. In addi- 
tion, the three thymidylate synthetase genes, 
thyA, thyB, and thyP3, were examined with the 
hope of understanding any possible evolutionary 
relationships among them. Thymidylate synthe- 
tase genes in B. subtilis are of particular interest 
since this bacterium is the only known procar- 
yotic organism that contains two thymidylate 
synthetases with very similar catalytic activities. 
Thymidylate synthetase B appears to play a 
minor role in thymidine nucleotide biosynthesis 
under physioIogica1 conditions in B. subtifis (6). 
It is unknown why both thy genes have been 
retained in this species during evolution. Muta- 
tions in both thyA and thyB are necessary to 
create an absolute thymine requirement, and 
reversion in either one of them is sufficient to 
suppress thymine auxotrophy (13). The two pro- 
trophic mutants can, however, be distinguished 
phenotypically. A thyA thyB* mutant is par- 
tially resistant to trimethoprim and aminopterin 
in the presence of thymine. In addition, a thy.4 
thyB’ mutant k capable of incorporating exog- 
enous thymine into DNA and requires thymine 
or thymidine for growth at 46°C. In contrast, a 
thyA l thyB mutant is phenotgpically like the 
wild type: sensitive to antifolates, not affected 
by high temperature, and unable to utilize ex- 
ogenous thymine (6). 

This paper presents results suggesting that 
the phage thyP3 and the bacterial thyA loci 
derive from a common ancestral gene. 

MATERIALS AXD METHODS 

Bacterial strains. All of the I3. srrbtilis strains 
used in this work are tlerivstives of SlGzizcn’s LI. 
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wbtilis 168 (9). SB165 (/rpCY?), SB591 (fhyA /hyB), 
and SE31141 (LhqA trp ilcD6) are from the Stanford 
University collectioll; SR~XCI (thyB il~iA8 citB1 
gnp.42) and SB1207 (feu met thr SPD-) were obtained 
from S. Zahler, and SBll23 (@T lysogen of SBlSu) 
was obtained from D. Dean. SRI219 (thy/l fhyB IW 
SPP ) was constructed by transformation of SBl207 
with DNA extracted from SB591, followed by trimeth- 
oprim selection (12). SB1223 (thyB leu Spa-) is a 
thj-mine-independent, spontaneous revertant of 
SB1219. Table 1 lists other derivatives of SB591. 

pm plasmids were propagated in Escherichia co/i 
strain W5443 (h.sdR hsdM leu fhi thy rspL trp tonB) 
or W5545 (hsdR hsd.W thr leu thi supE44 rspL lac 
Lo& pro). Their molecular structure is summarized in 
reference 2, in the accompanying paper (lo), and in 
Table 1. 

Enzymes and reagents. Restriction enzymes 
HindIII. BarnHI, &AI, and HaeII were purchased 
from Biolabs Inc. EcoRI was purchased from &Iiles 
Laboratories, Inc. The digestions were done according 
to the specifications recommended by the vendors of 
the enzymes. Trimethoprim was purchased from Cal- 
biochem. Other materials and methods are described 
in the accompanying paper (IO). 

RESULTS 

Evidence for two integration sites. -4 se- 
ries of strains was constructed by transformation 
of B. subtilis thymine auxotrophs with @T 
DNA, with BamHI-cleaved +3T DNA, or with 
chimeric plasmids pFT23, -24, -25, -33, -34, -401, 
-451, and -603. The molecular structure and 
properties of most of these recombinant plas- 
mids have been described elsewhere IlO; Table 
1). All chimeras carry overlapping inserts of +3T 
DNA in different E. coli vectors. The size of the 
inserts varies from. 2.1 to 6.3 megadaltons 
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(Mdal). The region of overlap includes the tF,, P.? 
gene. 
. In the transformantsanalvzed, the fhyP3ggene 
integrated at two different sites in the B. subtilis 
chromosome (Fig. 1). DNA from SB168-derived 
strains SB1200 (/hyA+ thyB) and SB59l (thyA 
thyB) as well as from several thyP3’ transform- 
ants of SB591 was digested with the Mind111 
enzyme, electrophoresed in 0.7% agarose gels, 
and transferred to nitrocellulose filters (8). RNA 
complementary to pFT 1hyP3 (described in ref- 
erence 10) hybridized to a 1.6-&Ida1 Hind111 
DNA band of SB1200 (thyA’ thyB) in channel 
A and to a 1.5Mdal Hind111 band of SB.591 in 
channel B. This is consistent with the a.~~rnp- 
tion that the Thy- phenotype of SB591 is the 
result of a small deletion (-0.1 Mdal) in the 
region of the chromosome containing the thyA 
locus. The existence of a thyA deletion in SB591 
was independently confirmed by the analysis of 
spontaneous Thy’ revertants. SB591 reverted 
with a frequency lo-*. Each of the 30 revertants 
analyzed behaved phenotypically like thy.4 
thyB+ mutants; that is, they were partially re- 
sistant to trimethoprim in the presence of thy- 
mine. This is consistent with the assumption 
that SB591 can revert at thyB but not at the 
deleted thyA locus. Only a few of the revertants 
were temperature sensitive like the wild-type 
thyB (2 of 30). Some were partially temperature 
resistant (IO of 30). However, the majority were 
heat resistant. These clones were not studied 
further. Channels C, E, F, G, and H of Fig. 1 
contain HindIII-cleaved DNA of strain SB591 
transformed to thmine independence with +3T 
DNA (SB1150) and chime+ plasmids: pFT34 

TABLE 1. Derivatives of SB591 (thyA thj-B)” 

DNA used in 
Strain Genotype transfnrmation of Comments abou: transforming fh~P3‘ DNA 

SB591 

SB1149 
SBl15O 
SB1151 
SB1152 
SBll55 
SB1162 
SB1163 
SBl164 
SBI 165 
SRI 166 
SB1167 
SB1168 
SBl169 
SBll70 
SB1203 
SB1204 

thyA thyB thyP3’ 
thyA fhyB thyP3’ 
thyA thyB thyP3+ 
thyA thyB thyP3’ 
thyA rhyB thyP3+ 
thyA rhyB thyP3+ 
thyA thyB thyP3’ 
thyA thyB thyP3+ 
thyA thyB thyP-?’ 
thyA thyB thyP3+ 
thyA thyB thyP3+ 
thyA thyB thyP3* 
thyA thyB fhyP3’ 
thyA thyB thyP3+ 
thyA thyB thyP3 
thyA thy0 thyP3 

93T 
pFT23 
pFT24 
BarnHI @T 
PF7-25 
pFT33 
Pm34 
pFT%I 1 
pFT50” 
pFT401 
pFT402 
pFTri3 
pF”r451 

79.1-Mdal linear phage DNA 
5.4-Mdal+3T D?i?\ ksert in pSClO1 (7) 
4.5-Mdal +?T DNA insert in pSClO1 (7) 

36.6-Mdal linear phage DNA 
6.3-Mdal +-XT DN.4 insert in pSClOl (7) 
7.2-Mdal #T DNA insert in pSClO1 (7) 
4..5-Mdal+3T DNA insert in pSClO1 (7) 
2.1-Mdal+3T DNA insert in pSIB9 (7) 
2.1-Mdal +3T DN.4 insert in pMB9 (7) 
4.5-Mdal @T DNA insert in RSF2124 (7) 
4.5-Mdal +3T DNA insert in RSF2124 (7) 
4.5-hldal #T DNA insert in phlL2 (7) 
P.l-Mdal+3T DNA insert in pSClO1 (7) 

n hlost of the strains listed above (SHl150 to SRI 170) are Ttiy’ tmn~formnnta of SB591 oh:ained with $3T 
DNA or DNA from +OT-E. coli chimrric plasmids. SBl 149 is a +XT Iysogrn of SB591; SH1203 and SBlSOJ were 
constructed by lysogenixation of SH591 with two different Thy- derivatives of $3T. 

.----.dd! 
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FIG. 1. Integra!ion of the thyP3 gene into two distinct aifes of fhe B. subfilis chromosome. DNA from (A) 
SBlZCQ, (B) SB5.51, (C) SBll50, (0) SBll55, (E) SBll64, (F) SB1167, (G) SB1169, and(H) SBll70u,as cleaved 
with Hindill enzyme, fractionated in 0.7% agarose geIs, and transferred LO nitrocellulose filters. “P-Itrbeled 
Rh’A complemenlary to pFT thyP3 was used as a probe in this hybridization experiment. Sires of stained 
bands a& expresseri in kegadaitons. 

(SB1164), pFT401 (SB1167), pFT603 (SB1169). 
and pFT451 (SBl170). All of these transform- 
ants hybridized complementary RNA (cRNA) 
pFT thyP3 to a 1.6-Mdal band which was iden- 
tical in molecular weight to the band observed 
in the thyA+ strain. A similar result was ob- 
served in strains transformer1 by pFT23 
(SB1151), pFT24 (SB1152), pFT25 (SB11$2), 
and pFT33 (SB1163) (data not shown). Appar- 
ently, the transformation reintroduced the 
amount of DNA that was missing in the SB591 
deletion, thus restoring the hybridization pat- 
tern observed with the wild-type gene. 

Further support for the integration of the 
thyP3 gene into the thyA locus was provided by 
the experiment described in Fig. 2. The DNA 
restriction fragments containing the thyA gene, 
thyR gene, and fhyP3 gene, which was intro- 
duced into strain SB591 by transformation with 
pFT33, were partially purified by agarose gel 
electrophoresis. To accomplish this, R. subtilis 
DNA from strain SH1207 (thyA* thyI?‘), 
SB1141 (thyA thyU+), SHl200 (thyA+ thyB), 

and SBll63 (thy.4 thyB thyP3+) was digested 
with EcoRI restriction endonuclease. DNA sam- 
ples (2 to 3 pg) were electrophoresed in agaroae 
gel. The gels were sliced into P-mm slices, the 
DNA was extracted from each slice, and the 
extracted DNA was assayed for its Thy+ trans- 
forming activity as described by E-Ian-is-Warrick 
et al. (4). Only two populations of fragment sizes 
were found to be associated with Thy’ trans- 
forming activity: fractions 8 and 9. containing 
large DNA fragments (>I0 Mdal), and fractions 
21 and 22, containing DNA fragments of 4.2 
Mdal. In DNA from the thyA+ thyB* strain, 
both sets of fractions were biologically active. In 
thyA rhyB+ DNA, only the 4.2-Mdal fragments 
could transform to Thy’. In thyA+ thyB or thy-4 
thyB thyP3+ DNA, onlv high-molecular-weight 
fragments had the Th;’ transforming activity. 
The results indicate that the ihvR gene is located 
on a smaller EcoRI fragment. whereas both thy.4 
and thvP3 are on high-molecular-weight frag- 
ments which are identical in size (within the 
limits of resolution of the technique used). This 
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FIG. 2. Partial purification of restriction frag- 
ments containing the bacterial fhyA and thyB genes 
and the +3T thyP3gene integrated into the bacterial 
chromosome. The experimentalprocedure u:as M de- 
scribed elsewhere (5). After electrophoresis, 0.7% aga- 
rose gels containing EcoRr-cleaved DNA from (a) 
SBI207, (b) SBII41. (c) SBJZ63, and (d) SB12OO WUY 

cut into Z-mm slices. The DNA was extracted and 
used to trunsform SB748 (Thy-) competent ceils. The 
peaks of Thy+ transforming activity are shown oa a 
function of gel slice number. The number of trana- 
formanta shown is the number of Thy* clones scored 
per lo7 cella plated. The positions of the +3T EcoRI 
and BamHI bonds (moleculur weight stundards) are 
indicated on the top of the figure. 

was independently verified by testing the phe- 
notype of the Thy’ transformants. As expected, 
all transformants obtained with DNA from frac- 
tions 21 and 22 behaved like thyA thyB+ mu- 
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tan@ that is, they were temperature sensitive 
end partially resistant to trimethoprim in the 
presence of thymine. The transformants ob- 
tained with DNA from fractions 8 and 9 were 
like thyA + thyB mutants; they were resistant to 
high temperature and sensitive to trimethoprim. 
These experiments demonstrate that in the case 
of nine independently constructed thyP3’ trans 
formants, the phage thymidylate synthetase 
gene integrated at the thyA locus. 

The hybridization pattern in channel D of Fig. 
1 indicates that in this case (SBll55, constructed 
by transformation of SB591 with BamHI- 
cleaved +3T DNA), thyP3 integrated at a site 
different from thyA. In this channel, a 1.5~MdaI 
HindHI band from the SB591 deletion is stili 
visible; in addition, a new P-l-Mdal band is 
stained. In this case, the integration of the thyP3 
gene occurred at a site on the SP/? prophage (12) 
which is known to Iysogenize almost ail B. sub- 
tilis 168 strains (Fig, 3). EcoRI-cleaved SB1207 
DNA (channel A) hybridized cRNA pJ?T23 to 
one band only, the thyA region. The SP/3 lyso- 
gen, SB591, digested with EcoRI (channel B) 

A B C.D 
. .._ -f>.. : s..i._ 

- ‘>lO 

4.5 

- 1.85 

- 1.25 

FIG: 3. Born HIcleoved+3T DNA recombines uith 
SPpprophagr. EcnRI-cleut,rd V.Yll from (.-I) SSl207, 
(El) SB591. (C) SBll55, and(D) +3T tvrogen of SBI?I)I 
uas trcmsferred by Southern blotting nnd hyhridi:ed 
with cRh’A pFT23. Sires of the stnined bon& ore 
expressed in meguclullona. 
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hybridized to this probe at two additional bands 
(1.65 and 1.25 Mdal). In a strain transformed 10 
thymine independence by HumHI-cleaved +3T 
DNA (SB1155 [channel C]), the two EcoRI 
SP@pecific bands could not be detected, and 
instead a new fragment was found. This frag- 
ment had a size of 4.5 Mdal and was the same as 
the one observed in an EcoRI-cleaved +3T ly- 
sogen of SB1207 (channel D). 

To confum that the integration of the thyP3 
occurred at a site on SP/? prophage, it was shown 
that SPP phage induced from strain SBI155 
converted thymine auxotrophs of B. subtilis to 
thymine independence upon lysogenization. The 
test was done by allowing SP/3 phage that were 
released spontaneously into the medium during 
the growth of SB1155 to infect a lawn of Thy- 
Sp/3- bacteria (SB1219). All SB1219 lysogens 
selected from the middle of the phage plaques 
(50 out of 50) were Thy+ and had the immunity 
region of SPP. 

Frequency of the thyP3 integration at 
each of the two loci. To measure the relative 
frequency at which thyP3 DNA integrates at the 
thyA and SPj3 regions, SB391 was transformed 
with 43T DNA cleaved by EcoRI, BgnI, and 
BumHI endonucleases. The size of the +3T DNA 
segments containing thyP3 genes was estimated 
to be 4.5 Mdal for EcoRI (2), 4.2 Mdal for B&II, 
and 36.6 Mdal for BamHI. Twenty Thy’ trans- 
formants from each experiment were tested. 
None of the clones transformed by EcoRI or 
BgfIi +3T DNA released SP,8 phage capable of 
converting the SB1219 auxotroph to thymine 
prototrophy. In contrast, all (20 of 20) of the 
BamHI digested $3T DNA-transformed clones 
were lysogenic for a recombinant SPfl/+3T Thy’ 
transducing phage. This suggests that the thyP3 
gene integrates preferentially into the SPB re- 
gion when the transforming DNA is BamHI- 
cleaved +3T DNA and into other loci (presum- 
ably thyA) when the transforming DNA is 
EcoRI- or BgflI-digested +3T DNA. 

This suggests that the probability of intega- 
tion of the thyP3 gene at each of the two loci 
depends on the extent of homology shared by 
the transforming DNA and the recipient region 
of the chromosome. It can be predicted from 
this assumption that the transformation effi- 
ciency of uncleaved high-molecular-weight @T 
DNA would be greatly reduced if the recipient 
chromosome were cured of SPP. That this in- 
deed was the case is shown in Table 2. $31’ DNA 
transformed an SP/s’+ strain (SB1219) with an 
efficiency approximately 20-fold lower than that 
of an SPP’ strain (SB591). A strain that was 
doubly lysogenic for $3T and SP/l and which 
thus contained twice the homology of SH591 

TAHI,E 2. Trczn.~/rrrrmcdion e/li’cienry of smcdl und 
Iurge restriction frugmmts of @T in II. subti!is 

atruins 

Recipient Thy. 

strain thy genex EcoHT B&II +3T flT 
DNA +3T 
(79.1 DNA DNA 

hldal) 
(1.5 (1.2 

hldal) Mdal) 

SR1203 (Lf?yrl, thyA ~hyB 2W NT PiT 
SPP. +W lhyP3 

SB59l (fhy..l, lhyA lhyB 100 0.5 0.6 
SPP) 

SB1219 (fhvA) thy.4 IhyB 5 0.5 0.5 

. Defined as the number of Thy’ transformants obtained 
with&T DNA divided by the number of Thy’ transformanta 
obtained with SB168 DNA. Transformation efficiency of WI- 
cleaved @T DN.4 in the SB59l recipient was Prbitrarily 
designated as lCG%, and the resulrs were standarditad accord- 
ingly. The transformation assays were pwformed at limiting 
DNA concentrations. and the numbers shown are the weraze 
of five experimenta-. The competence level (defined a~ the 
number of Thy’ transformants obtGwd with SRI%3 DS.4 
divided by the number of viable transformants) was 0.2% 
(SB1219). 0.1% (SB591). and 0.005% (SBEO3). SB1203 carriea 
a thyminelesq derivative of +3T in the SB591 background. 
The regions homologous to the transforming DNA in the 
recipient strain are indicated in parenthw. 

was transformed by +3T DNA at twice the effi- 
ciency of a single lysogen. The transformation 
efficiency of the small EcoRI and &AI +3T 
fragments was the same in both strains, indicat- 
ing that the probability of crossing over between 
these segments and their homologous counter- 
parts in SP/? is low. 

Comparison of the thyA and thyP3 genes. 
The two thqmidylate synthetase genes are re- 
lated at the molecular level. This was shown by 
the hybridization technique and by the ability 
of thyP3 DXA to recombine with thyA se- 
quences. Since neither of these methods is quan- 
titative, they do not exclude the possibility that 
thyP3 is also related to the bacterial thyB gene. 
Therefore, the phenotypic expression of all three 
genes was tested as an alternative measure of 
their relatedness. The two thymidylate synthe- 
tase genes of B. subtilis can be phenotypically 
distinguished. The phenotype of the thyP.3 gene 
was tested by growing +3T lysogens and B. 
suhtilis strains transformed with thyP3 on aa 
plates (see Materials and Methods) containing 
trimethoprim (5 pg/ml) and thymine (50 pg/ml) 
or on aa plates at 37 and 48’C (Table 3). It was 
found that thyP3’ strains consistently resem- 
bled thyA+ strains. The phenotypic expression 
of thyP3 was not affected by its chromosomal 
location or +3T lysogeny. 

When hybridization experiments were per- 
formed on HoelI-digested B. subtili.5 IINX, US- 



SBl223 IhyA * thyE 
SBll?l thyA thyH l 

SB168 Ply.4 l t/ lyt☺ l 

sI3591 rhyA thyB 
SB1149 fhY.4 lhyB IhyP3 + 
SB1123 thyA l thyB l thyP3+ 
SB1151 lhyA thyB thyP3’ 
SBllXZ thyA thyB fhyP3+ 
SB1162 thyA thyB fhyPJ+ 
SB116.5 fhyA thyB thyP3+ 
SB1166 thyA thyB thyP3+ 
SB1167 fhyA thyB 1hyP3’ 
SB1168 thyA thyB fhyP3* 
SBll55 fhyA thyB thyPJ+ 
SB1203 thy.4 th-vB &hyP3 
SB 1204 thsA thvE thvP3 

Thy’ 
Thy’ 
Thy’ 
Thy- 
Thy’ 
Thy’ 
Thy’ 
Thy* 
Thy’ 
Thy’ 
Thy- 
Thy* 
Thy- 
Thy* 
Thy- 
Thv- 

+ 
+ 

- 

- 

+ 
+ 

- + + + + 

+ + + 

+ + + + 
- + - + 
- - + + + + 

.+ + + + 

+ + + + 
- - + + + + 

+ + + + 

+ +- + -I- 

+ + + + 
- + + + + 

+ + -I- + 

+ + + + 
- + - + 

+ - + 

n The growth of bacterial strains in trimethoprim tTR>lI) was scored in the presence and absence of thymine 
(Thy) added to aa plates (Spizizen salts [9) supplemented with glucose, agar. and 20 pg each of the common 
amino acids/ml). TH,M and Thy concentrations are indicated in the parentheses (in micrograms per milliliter). 
The resistance to high temperature was monitored at 48’C on aa plates and as a control on L plates at 
permissive and nonpermissive temperatures. Strains SB1149, SR1131, SBll52, SB1162. SB116.5. SB1165, 
SBll68, and SBI 155 were constructed by lysogenization of SB5Yl with 2 &T DNA or by transformation of 
SB591 with DSA from different pFT plasmids. SBl203 and SB12O-t were constructed by lysogenization of 
SB59l with different thymine+ mutants of +3T. SBll23 is a +3T lysogen in the SBl68 background. 

ing cRNA pFT thyP3 as a probe, a DNA se- 
quence difference between thyP3 and thyA was 
found (Fig. 4). 

In wild-type DNA (SBl68, SD1207), thyA was 
located on an HaeII fragment of 3.5 Mdal. In 
strain SBS91, the deletion had apparently re- 

. moved one of the Hue11 sites and fused the thy.4 
region to another segment. The thy.4 gene was 
now found on a larger band with a size of 7.9 
hldal. In this case, integration of the thyP3 gene 
at the thyA locus (SHIX?) did not restore the 
hybridization pattern of the wild-type DNA. It 
is argued, therefore, that thyP3 gene does not 
contain theHaeII recognition sequence, whereas 
the thyA region does. This result suggests that 
some nucleotide change at the molecular level 
has occurred between the two genes during ev- 
olution. 

DISCUSSION 
Recent results from this laboratory establish 

that 43T shares extensive homology with the B. 
subtifis chromosome (10). At least three differ- 
ent regions of the bacterial genome were shown 
to be capable of hybridizing RNA complemen- 
tary to 431’. These regions include: (i) the thyA 
region which was found to be homologous to the 
thyP.7 regicJn in 431’; (ii) .%‘/I, which is a cryptic 
temperate bacteriophage of B. suhtilis strain 168 

and which was demonstrated to be a close rela- 
tive of 43T (although the SPB genome does not 
carry the thy gene, it does contain sequences 
surrounding thyP3 in 43T); and (iii) other re- 
gions of the B. subtilis chromosome. The nature 
and location of these sequences in the bacterial 
or phage chromosome were not identified. It was 
shown, however, that they are not homologous 
to the thyP3 gene or the DXA surrounding the 
thyP3 gene in 43T. 

This investigation demonstrates that the 
mechanism of transformation of B. subtilis Thy- 
strains to thymine prototrophy by 43T DNA 
involves site-specific recombination of 43T se- 
quences with their homologous counterparts in 
the bacterial chromosome. As a result of this 
recombination, the fhyP.3 gene of 43T is inte- 
grated into the bacterial DNA. Two genetic?!ly 
distinct integration sites were identified: the bac- 
terial thy.4 locus and a site on the SPP prophage. 
The attachment site for SPP prophage lies be- 
tween ikrl and Karl-4 (16). The integration of 
the thyP3 DNA at the thyA locus presumably 
involves crossing over of the two structural thy- 
midylate synthetace genes. Since sequences ho- 
InOkJgOUs to the thyP3 gene were not detected 
in SPfl, the insertion of the thyP3 into SPP 
prophage occurs, most likely. by recombination 
of the sequences surrounding thJP3 gene \vith 
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A B C D 
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FIG. 4. DNA sequence differences betxeen fhe 
thyA and thyP3 genes. HaelI-cleared DNA from c4) 
SBl68, (B) SBl207, (C) SB591, and (D) SB1162 u-as 
transferred to nitrocellulose filters and hybridized 
rith cHNA pFT &hyP3. Si:es of the stained bands are 
expressed in niegadultons. 

homologous seqiences present in SPp. When 
~hyP3 integrates at the SP/3 site, a recombinant 
SP/3/+3T phage is created which was shown to 
carry the immunity region of SPj?. 

The frequency of the integration of the thJP3 
gene at each of the two loci and some of the 
parameters affecting this frequency were stud- 
ied. It was found that when large $?T fragments 
(36.6 Mdal; generated by BnmHI cleavage of 
+3T DNA} or intact +3T molecules (79.1 Mdalj 
were used to transform B. s~btilis strains, the 
integration occurred 95% of the time at the site 
on SPP prophage. In 5% of the cases, thyP3 
integrated at the thyA locus. When the primary 
integration site was deleted by curing strains of 
SPP, the efficiency of transformation dropped, 
as expected, to 5%. It is presumed that in these 
transformants the integration occurred at the 
secondary thyA site. When small +3T fragments 
were used (EcoRI, 4.5 Mdal; &AI, 4.2 Mdal), 
thyP3 did not integrate at the SP/l site (none of 
20 cases). Instead, the thyP3 was shown to have 
recombined with the thyA gene (eight of eight 
cases). As expected, no reduction in transfor- 
mation efficiency strains cured for SP/3 was ob- 
sened for EcoRI and L&/II $1 fragments. 
These findings are consistent with the nssump- 
tion that the probability of recombination at 
each of the sites is positively correlated with the 
amount of homology shared by rhe transforming 

fragment of DNA and the recipient region. This 
conclusion was further corroborated by the fact 
that the transformation efficiency by large frag- 
ments of @T DNA in strains doubly Iysogenic 
for SPP and Thy- derivatives of +3T is twice 
that obsened for a single lysogen. 

No conclusive statement can be made about 
the history of the thyP3gene. However, evidence 
presented here and in the accompanying paper 
(10) suggests that SPP phage acquired a bacte- 
rial thyA gene by transformation or by recom- 
bination with homologous DNA sequences and 
became an ancestor of @T and another related 
phage, pll (I). It can be proposed that @3T (or 

I pll) transduced the thyA gene into B. subtilis 
: from another source. The function of the thyP 
1 gene in @T and ill is not clear. It is expressed 

constitutively in the Iysogen, unlike many other 
genes associated with phage growth. 

Regardless of the evoIutionary origin of the 
thyP3 gene, it is certain that the thyP3 gene in 
+3T and the thyA gene of B. subtilis share a 
common ancestry. This conclusion is based on 
the studies of their structure (cross-hybridita- 
tion and ability to recombine) and phenotjpic 
expression (resistance to trimethoprim in the 
presence of thjmine and to high temperature). 
At some time, however, molecular evolution has 
occurred between the two thy genes. This was 
reveaIed by the minor differences in nucleotide 
sequences obsened during the studies of their 
restriction enzyme digests. 
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